CAA
HRAEE

58393
Leyden Historical Activity 08-0%59-90;
Year Reported Turbine Blown
L&U Fuel Gas
1963
1964
1965 150,000
1966
1967
1968
1969
1970
1971 345,000
1972
1973 122,880
1974 106,043
1975 98,577
1976 19,667
1977 132,568
1978 130,404
1979 130,404
1980 155,530
1981 66,616
1982 131,089
1983
1984 -50,000
1985
1986 58,400
1987
1988 22,000
1989 14987 170
1990 570,000 25072 361
1991 170,000 17380 190
1992 120,000 11282 119
1993 90,000 13777 102
1994 85,000 9025 216
1995 65,000 18021 364
1996 26978 510
1997 29648 661
1998 21104 327
1999 160,000 21081 295
2000 26411 491
2001 21380 102
2002* 22980 349
TOTAL 2,869,178 279126 4,257

* Through October 31, 2002
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‘g'c;zm 830-22-0058 INTER-DEPARTI NT MEMO'—.PUBLIC SERVICE COMf' NY OF COLORADO
December 31, 1979

DATE

TO Mr. O. D. Davis, Property Accounting Director

T DEPARTMENT OR DIVISION

EROM R. R. Midwinter, Controller

DEPARTMENT OR DIVISION

ATTN.

SUBJ. Change in Volume of Cushion Gas at Leyden

Mr. Lynn Wilkinson has advised me that the design of the Leyden
Underground Gas Storage facility was modified prior to 1979 from 100
pounds depletion pressure to 60 pounds depletion pressure. Accordingly,
more gas is now recoverable from the storage facility and the corresponding
reduction in the volume of Cushion Gas should be recognized.

Per my discussion with Mr. Wilkinson last week, the amount of L
"Cushion Gas'" should be reduced from 834,000 MCF to 537,000 MCF. AT

Please set up the necessary entries to reflect the reduction in
Cushion Gas. Also record the salvage value of the reclassified gas as
an addition to account number 81-164-11, Gas Stored Underground - Current,
at its value for tax purposes to avoid creating an insignificant book-

tax difference in the Inventory- Account. (The Cushion Gas is being e TS
"depreciated for book purposes whereas it is being amortized for tax P
purposes) e
{7 - ,"
Zé%;;%zgzzZif{ﬁ;apo#zzgij“,
RRM/c

¢c: D. D. Brunkhatrdt
Lynn Wilkinson ®
P, W, Beijer =~ %7
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STUDY OF LEYDEN ACTI' 7Y Froﬁ November 1; 1978 - Oct?‘ﬂr 31, 1979 |
(This period was chosen because it uses the most currently known data) |

The dead weight shut in pressure for November 1, 1978 was 247.9 psig
(Management Report). The dead weight shut in pressure for October
31, 1979 was 241.2 psig. (per Ray Engebrit, Supt. Leyden Gas Storage).
Since the premise of this study is that like pressures equals like
volumes over any period of time the two known pressure must be ad-
justed to a common value by either injecting or withdrawing gds in
accordance with the cavern pressure-volume curve. (See Corrections

in Following Table).

- FACTS:

MCF @ 14.65 psia

*
INFORMATION (+) - NET
DATE SOURCE INJECTION | WITHDRAWAL ACTIVITY
Adjust Beginning Cavern Pressure- <7 77,393
Pressure From 247.9 | Volume Curve _IB78%F -0- +18,784
Toz;a/szSlg //(zr?) |
November 1978 ACTUALS 477,218 409,599 +67,619
December 1978 ACTUALS 677,579 | 1,193,606 -516,027
January 1979 ACTUALS 550,747 669,617 -118,870
February 1979 ACTUALS 893,229 222,492 +670,737
March 1979 ACTUALS 5,512 -0- +5,512
April 1979 ACTUALS 1,635 982,234 -980,599
May 1979 ACTUALS, -0- 351,673 -351,673
June 1979 ACTUALS -0- -0- -0-
July 1979 ACTUALS -0- -0- -0-
August 1979 ACTUALS 610,935 -0- +610,935
September 1979 ACTUALS 698,012 -0- +698,012
October 1979 ACTUALS 69,581 41,642 +27,939
—Edsesmd-Ending Cavern Pressure- -0- =78
Pressure Feem 241.2 | Volume Curve
T8 Psig A ' 3,944 g |314¢€, 756 -55,552%%
TOTAL | ===e=a- 4,081,945 | 3,870,863 +155,530
L & U= 155,530 MCF @ 14.65 psia = 134,196 MCF @ 12.37 psia e U

Total Leyden Volume (Working plus Cushion Gas) = 2,236,175 MCF @ 250>psig
Total Gas Activity = 4,081,945 + 3,870,863 = 7,952,808 MCF

. _ 155,530 _ ‘)

% L & U (of Total Leyden Volume) = 5532258 = 6.96% %

% L & U (of Total Activity) = 155,530 = 1.95% el
77952.808 ——

(*) NOTE:

(**) NOTE:

Net Activity = Injection - Withdrawal

Due to increase in Tdta] Volume
(L & U calculated as 211,082 ¥CF, However, due to Volume

change, Actual L & U = 155,530 MCF).
PSC 039505
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INTER-. . 4MENT MEMO'—PUBLIC SERVICE COMPANY OF COLORADO
pate___February 2, 1972
16 Mr.. L. W. Brown, Superintendent" Gas Engineering
B . . DEPARTMENT OR DIVISION
From__ ROy Elwell Gas Engineering
DEPARTMENT OR DIVISION
ATTN.
SUB 1972 Leyden Drawdown

. It was recent]y recommended and approved that 345 M2CF of storage inventory at ?jiﬁi//

ﬂ‘/

Leyden-be written off to L.& U at the end of 1971. This volume represents the 7445 &p /’
accumu]ated L & U for the period of January 1, 1966 through October, 1971.
A
; A
Reference to the attached graph-and the following data indicates that the method o o
D.

of operat1on at lLeyden.is a contr1but1ng factor to this L & U volume. "
0

At the beg1nn1ng of each summer from 1966 through 1970, the Leyden Mine cavern
pressure. was reduced .to approx1mate1y 100 psig and the cavern shut in for several
months. .The pressure-was then raised to approximately 250 psig just prior to the
heating:season. At the end of 1970, the L & U volume was calculated for the period
of January, 1966 - through December 1970 to cover the period since the last L & U
write-offin-December, 1965. The results of the 1970 calculations indicate that
23637 ‘MCF-was the appropr1ate volume of -L & U for the period, for a yearly average
of .47. 34 MCF.,

Dur1ng the summer of 1971 the Leyden Mine ‘cavern pressure was left at approximately
220 psig: - In Noverber, 1971 the L & U was calculated again for the period of
-January., . 1966 through October 1971; and it was found that 345.0 M2CF was the
. appropriate L & U volume. Th1s 1nd1cates that during 1971 the L & U volume increased
- to.108.3 M2CF, which is more than double the yearly average. It would appear that th
~  higher" cavern pressure maintained during 1971 contributed significantly to the in-

creased L & U

In order to examine “the economics of drawing down the cavern versus not draw1ng down
in 19725 it was assumed that the cavern pressure at Leyden will be 250 psig at the
end of the 1971-72 heat1ng season. It will cost $22,100.00 to draw the cavern down
to 100 psig, based on withdrawing 1105 M2CF at the current royalty rate of $.02/MCF.
* However, the use of the 1105 MZCF of gas from Leyden in lieu of purchasing it from
our supp11er would delay an expenditure of approximately $255,000.00 for four months
(based on the 1971 current cost of commodity gas @ $. 2301/MCF) A four month delay
of -this- expend1ture at an 8% interest rate would save the Company $6,800.00, making
. the. true cost of - 1ower1ng the cavern pressure $15,300.00.

If the cavern pressure 1s allowed to remain at approximately 250 psig, the L & U
volume -for 1972 -would be at least 108.3 MZCF, the same as experienced during 1971.
If-the cavern pressure were 1ower%d to approx1mate1y 100 psig, the L & U volume is
expected to -be approximately 50 M4CF, the 1966 through 1970 average. The respective
L & U expenditures would be $24,920. 00 and $11,505.00 (based on the current cost of
commodity gas at.’ $.2301/MCF) or a difference of $13,415.00, which is the true cost
of 1eav1ng the cavern at 250 -psig during the summer. -

W R
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11972
Mr. L. W. Brown, Superintendent Gas -Engineering
A . DEPARTMENT OR DIVISION
From___Roy -Elweld. Gas_Engineering
. ' ODEPARTMENT OR DIVISION

1972 Leyden Drawdown--- Page 2

Therefore, the-difference in-cost between drawing the cavern down ($15,300.00) and (™
the. cost of not drawing down in 1972 ($13,415.00§ is $1,885.00.- IR

3
Even though the above. economics slightly favor a no-drawdown operation-during 1972, Rﬁ A
it is improbable that the-cavern pressure will be-as high as 250 psig at the end ¢ oﬁx’ S
the 1971-72 heating season; thus, makwng it even less expensive to drawdown. ~However,
$1,885.00 ‘appears to be-a sma]l price to pay to reasonab]y control our L & U Josses

and minimize a potent1a11y dangerous accumulation of gas in an area that ‘is rapidly
urbanizing. .

It is recommended that the cavern be drawn down at the end of the 1971-72 heating season
to -100 psig in an effort to reduce our L & U gas volume by at- 1east 50% annually.

Cly

Roy E e11

%/M/Z suia # q .
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__Yebruary 15, 1972

FEQRM GB0:22.0088 E ‘ :

{ .
INTER-DEPARTMiNT MEMO -PUBLIC SERVICE COMPANY OF COLORADO

Mr. James P. Heckendorn, Superintendent . = Gas Distributfon .\

FROM
ATTN.

suBJ.

. DEPARTMENT OR DIVIBION

Mr. Robert M, Meddles, Superintendent * .~ . . leyden Ges Storage LY
. : N R A . DEPARTMENT OR DIVISION

s B ‘

}r. Heckendorn

U & L Gas

.s

BTN T S

The object of this report is to express my opinlon concerning U & L Gas at the
Leyden Gas Storage Project.

As Superintendent of this project, I feel a deep responsibility for any large o

_expenditure of money associated with it., I feel that if I neglected to state

my opinion concerning proposed work and investigation being done at Leyden,
would be remiss in my duty a8 Superintendent;

This report was writtén for the express purpose of making us all aware of

facts that have, in the past few years, been forgotten. I hereby submit this’
report for one purpose only“."the good of the Company and the Leyden Gas :
Storage Project". ¢i

.- R. M. MEDDLES
-Superintendent 1,
‘Léyden Gas Storage = =™

Cy Furn: _
Mr. John M. Hassoldt:
Mr. Leroy W. Bréwn -
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. In 1971, the Company requested the ald of a Consultant in locating gas, lost

or winccounted for, at the Leyden Gas Storage Project. This gas will hereafter

“ be referred to as "U & L Gas",

The Consultants preliminary report, dated July 26,1971, addressed to Mr. John
Hassoldt, indicates several pertinent facts that the Company has been aware of
for some time, His recommendation'in this report precipitated the logging of
the entire project by Schlumberger Well Services in September of 1971, The
results of this survey were reported in the Inter-Department Memo of October 6,

© 1971 to Mr. R, F, Jones from Mr, P, K. Triblehorn and Mr. N. H. Ottinger.

- drilled; however, the Consultant felt the McCullough logs were inferior and

This report was later discussed at a meeting attended by Messrss: R. F. Jones;

" J.C. Heckendorn; P. K. Triblehorn; E. J. Schuh; L, W, Brown; B, W, Beebe;
--.  N. H, Ottinger and myself,

B
\'v
&

e WA R S

%
V.
¥
i
y

After examining the Schlumberger logs at this meeting, the Consultant recommended ‘éJ

that at the earliest time possible the #10 Observation Well and Water Wells #7
and #13 should be relogged and perforated as they show evidence of being in
gevere trouble from gas migrating behind the casings. It was pointed out that
this anomaly existed in the initial McCullough log when the well was first '

that their accuracy and sensitivity were questionable. Om November 17, 1971,

the #10 Observation Well was logged and perforated at five different zones at

intervels selected by the Consultant. After perforating, there was no indica-
tion of gas behind the casing. The #13 Water Well was relogged but the

of the #7 Water Well.

. ' After having reviewed the four recommendations outlined in his initial report,

I find that the Company has complied with three of the outlined recommendations.
The fourth and final recommendation of deepening one of the observation wells
is proposed in his Inter-Department Memo of January 18, 1972 to Mr. R. F. Jones,

At this time, I would like to state my opinion as to what I feel is required

to eliminate the U & L Gas, The Companys' first concern should be the metering .
of gas in and out of the Cavern. It seems logical to assume that clean dry

gas measured and injected into the Cavern will not be similar in metering when
withdrawn if it is wet and contaminated with shale and coal debris, as evidenced
in the Drip leg at the Compressor Station. It would seem that the longer and
harder (larger volumes required/hr) the withdrawal, the more the error would

be magnified. A study of moving the metering installation from the Rockcatcher
site to the Compressor Station site was done in the summer of 1971. The cost
of this move was estimated at between 40 and $50,000.00. By moving this
installation, the Company would benefit in two ways. First, more accurate

" metering and possibly a partial or complete solution to the U & L Gas because

both injection and withdrawal metering will be done with clean gas, The second,
and undoubtedly the largest, benefit would be protecting the meter run and

. Company responsibility from vendals, target shooters, possible damage from

someone running off”the road and into the meter run and the encroaching resi-

dential development that has moved into the aréa. This installation is located
at the West side of the-town of Leyden and produces noise, Since its installa-
tion, there have been, from time to time, complaints about_ these noises. If
the meter installation were to be relocated, this problem would be solved. ‘s -

PSC 039558
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The Companys' next concern should be the #1 and #2 Shaft areas. As we know
‘from past experience, there is leakage in this area., From laboratory tests
of samples drawn from the vault area we have detected concentration of
natural gas. This problem has not been encountered in Shafts #3 and #4 N\
because the sealing methods employed by the Contractor were different.
Shafts #1 and #2 do not have botton hole concrete plugs. When the #7 Water
" Well is pumped, we encounter severe bubbling in the #1 and #2 Shaft area.
The reason for this is that the water is removed to the 5,000' contour
‘line of the east workings of the mine map, thus exposing the bottom of the
#1 and #2 Shafts. This bubbling is quite severe when the Cavern pressure
is between 220 and 250 psig. To pursus this further, I propose using a
~ tracer in the Cavern, After some investigation, I would suggest the use of
~ Sulphur Hexafluoride for reasons stated below:

" 1, It's cheap., The Electric Department uses it in trasnformers as a
coolant. "

2., It's ﬁon-toxic and will support life where it makes up 80% of the
volune,

3. It can be detected as small as one (1) pp billion and electric
companies have used 1t in stack gases to trace migratiom. ' '

4o It's easy to handle and is detected through the use of a Chromato-
grapher.

5. It's inert and has no corrosive properties,

6. It will not interfere with the use df other tracers or detection
nethods, \

7. Above 260 psig., it will condense but when pressure falls below
260 psig., 1t will return to a gaseous state, '

The small amount of Sulphur Hexafluoride required for detection also means

that 1t would purge itself from the gas in a_short_period_of_time_and also

allow other tracers to be used if desired. This tracer could positively <
identify leaking storage gas and also gas migration_can_be_traced. This Heor -
information alone would be invaluable,

If, in a short time, tracer gas is found in the vaults or area around Shafts
#l and #2, this would necessitate remedial work in restoring a cap rock in 3

S~ the vicinity. This type of : sealing can_be_done, If it becomes evident that A

sizable amounts of gas are venting from the. shafts, then immediate action
should be taken to establish a cap rock for the area, In conclusion, we

+ should consider using Schlumberger only if the total logging cost for the
same service is lower than the company we have been using., Since the
beginning of our logging progrem, Viells #1, #2, #5, #9, #14, #15 and #16
have required, at various times, remedial work. This was detected through
the logging survey used at that time. Since 1961, whenever wells were
found to have bad cement or casing, remedial work was done as quickly as
qusible

N
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I feel that the Company should make every effort to find the cause, or locate
" the source, of our U & L Gas; however, I feel we should begin this effort by
first eliminating facts such as the metering and the confirmed leakage present
in Shafts #1 and #2. Then, after the obvious problems have been eliminated

and found not to be the total solution, we should investigate assumptions and
probable causes.

Vie know that, in the past, we have had bad cement jobs and defectlve casings.
Vihenever these were discovered, they were repaired so as not to stimulate any

horizontal gas migration. I feel that we may be pressuring up gas 25' to 50! -

ebove the back of the mine but not more than that, except in the areas of
Shafts #1 and #2. Any other gas found behind the casing is migrating up and
around & bad cement job, This belief is substantiated by Core Laboratory
data on Wells #l4 and #15, drilled in 1962 and #17b Observation Well and #18
Well, drilled in 1965, These wells exhibited no gas in the cuttings or
drilling nud until lost circulation was encountered, which was within 50%

_ of the Cavern,

My recommendation is as followsi

1. Move the metering from its present location to the Compressor Statiom.
This could be completed first and if the problem of U.& L Gas is
solved, no need will exist for step #2.,

2. Meke quantative analysis of gas from the #2 Shaft at pressure ranges
of 150 to 250 psig. Add a tracer to determine speed of movement and,
“if communication ia direct, make preparationa to establish a cap rock
over the area. A . P S ,
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FORM 880-22-0088 A

DATE

INTER-DEPARTMENT MEMO —PUBLIC SERVICE COMPANY OF COLORADO

December 12, 1972

To .

FROM

ATTN.

Mr. R. F. Jonas, Superintendent of Gas Supply. Weste
TeET DEPARTMENEOR DIVISION

B. W. Beebe, Consultant

‘/ ] N DEPARTMENT OR DIVISION
B . .

L. Brown

SUBJ.

LEYDEN STORAGE PROJECT

Leyden gas storage is one of the most important and yet has the potential
of being-one of the most hazardous facilitiés of P.S.Co.'s gas system.

The nature of the storage, a worked out mine, difficulties in successfully
ceémenting casing in wells, plugging off shafts, location of and method &
of plugging core holes whlch may have been drilled from the surface 2
during mining operations, highly irregular topography and the mine's

location adjacent to the steeply dipping rocks of the foothills all

add to potential hazard. MoreovVer,éncroaching urban development when

coupled-with the "geoclogic and mechanlcal hazards' requires that all

possible methods ~of monitoripg the facility to detect leakage before it

becomes dangerous’ should be carefully considered.

At present, wells are logged with gamma-ray neutron bi-annually to
detect significant changes in log response which might be caused by

‘movement -of gas. In additioni .sufface gas detection devices-are used
‘peripdically around wells, shafts, and the near vertical outerop of the

Laramie and Fox Hills Sandstones west of -the mine. These outcrops are of

. formations which form-the Toof (Laramie) and floor (Fox Hills) of the mine.

It is inconceivable that these hard competent formations have not suffered

fracturing when bent from v1rtua11y flat lying to near vertical. Moreover,

records: show sevéral hundred water wells, ,have been 'drilled. in proximity to M
the mide. Many.of thesevare COﬂpletedln ‘the. Laramié or Fox Hills sand-

" stones .~

Should a leak develop behind the pipe in one of the wells, there may be
no surface indication of gas. Gas may migrate up the bore hole to a ' :
porous zone; then alongathatfporéus_zone_to the surface on a hillside or
in & ravine some distance from the wall. This could occur between s€mi-

‘annual logging periods.

The surface configuration in the vicinity is conducive to such leakage.
The ‘topography is characterized by rather steep hills cut by ravines.

My concern over the gas bubbles in Barbara Gulch was caused by the topo-
graphy which might cause leakage .along steep hillslopes and in ravinmes.
Hopefully, a change in log response would indicate a leak before it
became serious. DBut a small leak might ‘not be:detectable and a dangerous
amount of gas could build up -before breaking out hundreds of feet from

its source.

Crews should ba alerted to report changes in appearance of vegetation

or soil character along hillsides or in ravines.as théy work through the
area. Monitoring should include selected areas particularly along hill-

sides and ravines and in water wells at some distance from the periphery

PSC 039560




Page 2. - ' . .
LEYDEN STORAGE PROJECT
December 12, 1972

of the mine.

The only .feasible methods of detécting surface leakages over such a
‘broad area, however are through .infra-red or color aerial photography.
Photographs should be taken yearly during the growing season when
changes can be detected with more certainty.

" To summarize, the present program should detect leaks around the shafts
and wells. There are, however, -other highly vulnerable areas which the
current .program will not detect within but in particular, outside of
the storage areas. These include:

1. Improperly plugged coreholes, the location of which is unknown.
2. Water wells in the vicinity.

3. Hillsides where gas could migrate horizontally along bedding
planes, accumulate and break out.

4. Ravines in-and adjacent to the storage area where gas could
_accumulate in porous zones and break out.

5. Outcrops and buried outcrops of the near vertical standing
Laramie and Fox Hills sandstones westward from the mine.

We believe that these various hazards and suggestions for detecting
them be seriously considered. If personnel from either Fuelco's or
Western's 'staff ‘can be of assistance, do not he§itate to ‘call on us.

’4.-"‘"‘; . ] e
e R R 2
e e /ﬁ/// i
PP i &
B. W:. BReebe
Consultant
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Comments on Leyden Report by Warren Beebe

It was not impossible to circulate cement to surface behind
the casing. Ball Associates recommended that the casings be
cemented with only 50 sacks. Wells #14, 15 and 16 were
perforated and cemented to surface, with good return, several
years after initial completion.

Apparently they do not realize that the pillars of coal were
removed and the roof allowed to drop. If it did not drop

sufficiently it was ''shot down',

Gas bubbles discovered under the ice in Barbara Gulch were
either in the spring or fall when the temperature was still
conducive to vegetation decay. No ethane was detected in or
near Barbara Gulch. Also, this occurred near Well #17, but
I cannot remember if it was shortly before or after the
"wash over' of the old casing.

G. Paul Cook

PSC 039562



QUESTIONS REGARDING MR. BEEBE'S SANUARY 18 LEYDEN STORAGE MEMO

1. Are we confident that no gas will migrate between the cement and casing
or the cement and wall rock after the well.is deepened to penetrate the
cavern?

2. How do we ;emove the possibility of contaminating the formations through
the existing perforations once the mine is penetrated?

3. If #10 is completed to the cavern, what makes it any different from any

other injection/withdrawal well?,

b Lee Brown

PSC 039563




February 2, 1972

Mr. L. H. Brown, Superintendent Gas Engineering

Roy Elwell Gas Engineering

1972 Leyden Drawdown

It was recently recommended and approved that 345 M2CF of storage inventory at
Leyden be written off to L & ! at the end of 1371. This volume represents the
accumulated L & U for the period of January 1, 1966 through October, 1971.

Reference to the attached graph and the following data indicates that the method
of operation at Leyden is a contributing factor to this L & U volume.

At the beginning of each summer from 1966 through 1970, the Leyden Mine cavern
pressure vias reduced to approximately 100 psig and the cavern shut in for several
months. The pressure was then raised to approximately 250 psig just prior to the
heating season. At the end of 1970, the L & U volume was calculated for the period
of January, 1956 through December, 1970 to cover the period since the last L & U
write-off in December, 1985. The results of the 1970 calculations indicate that
236.7 MeCF_was the appropriate volume of L & U for the period, for a yearly average
of 47.34 H2CF.

During the summer of 1371, the Leyden iline cavern pressure was left at approximately
220 psig. In November, 1971, the L & U was calculated again for the period of
January, 1966 through October, 1971; and it was found that 345.0 M2CF was the
appropriate L & U volume. This indicates that during 1971 the L & U volume increased
to 108.3 12CF, which is more than double the yearly average. It would appear that the
nigher cavern pressure maintained during 1971 contributed significantly to the in-
creased L % U.

In order to examine the economics of drawing down the cavern versus not drawing down
in 1972, it was assumed that the cavern pressure at Leyden will be 250 psig at the
end of the 1971-72 heating season. It will cost $22,100.00 to draw the cavern down
to 100 psig, based on withdraw}ng 1105 MZCF at the current royalty rate of $.02/MCF.
Howaver, the use of the 1105 M<CF of gas from Leyden in lieu of purchasing it from
our supplier would delay an expenditure of approximately $255,000.00 for four months
(based on the 1971 current cost of commodity gas @ $.2301/MCF). A four month delay
of this expenditure at an 8% interest rate would save the Company $6,800.00, making
the true cost of lowering the cavern pressure $15,300.00.

If the cavern pressure is allowed to remain at approximately 250 psig, the L & U
volume for 1972 would be at least 108.3 M2CF, the same as experienced during 1971.
If the cavern pressure were lowered to approximately 100 psig, the L & U volume is
expected to be approximately 50 MZCF, the 1966 through 1970 average. The respective
L & U expenditures would be $24,920.00 and $11,505.00 (based on the current cost of
commodity gas at $.2301/MCF) or a difference of $13,415.00, which is the true cost
of leaving the cavern at 250 psig during the summer.

PSC 039564
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February 2, 1972 .
¥r. L. W. Brown, Superintendent Gas Engineering

Roy Elwell ' Gas Engineering
1972 Leyden Drawdown -- Page 2

Therefore, the difference in cost between drawing the cavern down ($15,300.00) and
the cost of not drawing down in 1972 ($13,415.00) is $1,885.00.

Even though the above economics slightly favor a no-drawdown operation during 1972,

it is improbable that the cavern pressure will be as high as 250 psig at the end of
the 1971-72 heating season; thus, making it even less expensive to drawdown. However,
$1,885.0C appears to be a small price to pay to reasonably control our L & U losses
and minimize a potentially dangerous accumulation of gas in an area that is rapidly
urbanizing.

It is recommended that the cavern be drawn down at the end of the 1971-72 heating season
to 100 psig in an effort to reduce our L & U gas volume by at least 50% annually.

Roy Elwell
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C INTER-DEPARTMENT MEMO —~PUBLIC SERVICE COMPANY OF COLORADO ﬁ/{L

DATE November 18, 1971

To Mr. L. W. Brown, Superintendent Gas _Engineering
DEPARTMENT OR DIVISION
FROM Roy E. Elwell Gas Engineering
- ' DEPARTMENT OR DIVISION

ATTN.

SUBL. L & U - Leyden Storage Project

During production years the Colorado Mine Inspector reports that a total of
5,941,720 tons of .coal was extracted from the Leyden Mine. The coal extracted
from Leyden had a density of 84.9 pounds per cubic foot, or a maximum void of
140 MMCF for natural gas storage (5,941,720 x 2000#/ton = 84.9#/cubic foot).

Assuming the full mined volume is available for -the storage of natural gas and that
none of this gas has been entrained in the adjacent non-mined formations, 2,681.2 MMCF

can be stored at 250 psig or 280.57 psia.
-z

Volume Calculations (MCF at 14.65 psia)

140.0 (280.57/14.65) = 2,681.2 MMCF

Chart Processing Department and Leyden Storage records indicate Leyden inventory was
3,026.2 MMCF at a dead weight reading of 250 psig on September 30, 1971.

Volume Inventory (M2CF &t°14:65 psia)

Inventory Volume 3,026.2 MMCF
E;timqted Volume 2,681.2 MMCF
g 345.0 MMCF

In December, 1965, 150,000 MCF at 14.65 psia of Leyden storage gas was written off as
L & U. This gas was purchased from Western Slope Gas Company and/or Colorado-Wyoming
Gas Company at the commodity rate of $0.205/MCF or $30,750.

In December, 1970, a memo from William Brackett recommended that an additional 200,000
MCF at 14.65 psia should be written off at the end of 1970- to balance our Leyden storage
volume, Mr. Speer requested no write-off be made until 1971. Therefore, no storage gas

was written off in 1970.

Our current calculations indicate that 345,000 MCF at 14.65 psia should be written off
at the end of 1971 to balance the Leéyden storage volume.

Commodity gas purchased from Western Slope Gas Company for Leyden cost $0.205/MCF from
the date of the previous write-off in December, 1965 through April 17, 1970. The
average cost of commodity gas purchased from Western Slope Gas Company during 1970,
considering rate adjustments, was $0.2129/MCF. The weighted average cost of commodity

gas for 1971, through October, is $0.2210/MCF.

PSC 039568
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FORM 830.22-6058

'./'

PATE

November 18, 1971

INTER-DEPARTAMENT MEMO —PUBLIC SERVICE COMPANY OF COLORADO

TO

Mr. L. W. Brown, Superintendent

Gas Engineering

FROM

ATTN.

suBJ.

Roy E. Elwell

DEPARTMENT OR DIVISION

Gas Engineering

DEPARTMENT OR DIVISION

L & U - Leyden Storage Project -- Page 2

If it is assumed the 200,000 MCF should have been written off equally in the years
1966 through 1970 at the respective cost of commodity gas and the remaining 145,000
MCF will be written off in 1971 at the current cost of commodity gas, then the

breakdown would be as follows:

Year

1966
1967
1968
1969
1970
1971

Total

MeE

40,000
40,000
40,000
40,000
40,000
145,000

345,000

Cost/MC

$.2050
.2050
.2050
.2050
.2129
.2210

F Cost

$ 8,200
8,200
8,200
8,200
8,516

32,045

$73,361

7

A

Roy

Twell
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FORM B830.22.0038

DATE.

INTER-DEPARTMENT MEMO —PUBLIC SERVICE COMPANY OF COLORADO

January 8, 1970

TO

Mr. Louis R. Arnold, Supvr. - Market & Supply Gas Engineering

FROM

DEPARTMENT OR DIVISION

William E. Brackett Gas Engineering

ATTN.

SUBJ.

DEPARTMENT OR DIVISION

Leyden Mine Storage Volume

As of December 31, 1969, the Leyden cavern pressure (closed) was 206 psig

or 232.38 psia bottom hole pressure. During production years the Colorado
Mine Inspector reports that a total of 5,9&1,720 tons of coal was extracted
from the Leyden mine. The cocal extracted from Leyden had a density of 8t.9
pounds per cubic foot, or a maximum void of 140 MMCF for natural gas storage
(5,941,720 tons x 2000#/ton/84.9/cubic foot). However, the results of the
1969 testing indicated that the available void is less due to the water
encroachment and is estimated to be a maximum 124.3 MMCF. The following
tabulation summarizes the inventory and related calculations on December 31,

1969.

Added Void Due to Water Pumping Assuming 7.:8 Gallons/Cubic Foot

Gallons Pumped

63,549,600
. . ' /%@pnuﬁ P
Added Void Calculation G g ld (TR e K
63,5t = Ve L2 e oA 7 25,/'0,3?/ =
3,549,600 gallons = 8.5 M°CF VA T L e
7.48 gallons/cubic foot ‘cwg et S
Available Void Storage Space
Estimated Void 124 .25
Added Void 8.50
132.75

Volume Calculations (MCF at 14.65, psia)
132.75 (232.38/1L.65) = 2105 M-CF

Volume Inventory (MPCF at 14.65 psia)

Year End 2,53k
Estimated Volume 2,105
Difference 529

In conclusion, the lost and unaccounted for gas at the Leyden Storage Project
has decreased in the year 1969 over that in 1968. The inventory difference
in 1968 was estimated at 4kS M2CE. while the inventory difference in 1969 was
429 MECF. Therefore, the gas lost during 1969 is estimated at 16 MECF less

than that volume lost in 1968.

! F -, ( / ' .
(el lorpn . Aecalf
William E. Brackett
WEB/cjp
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[tle

Aoril 29, 1971

Mr. R. R. Midwinter, Director Auditing

L. R. Arnold, Supervisor - larket & Supply Gas Engineering

Gas Stored Underground - Inventory

The method of calcu1ating‘gas inventory at the‘Leyden Mine has been
changed:sﬁmewhat from the méthod used in prior years. The current method
assumes a volumetric approach and does not consider gas displaced through
the summer water pumping program. The new method indicated that das
inventory in the cavern is increasing. At year ending 1971, inventory
write-offs will occur to reflect the existing recoverable gas stored in
the mine. _

Mr. R. F. Jonas of Western 'Slope Gas Company should be contacted

regarding similar data for Asbury Storage.

L. R. Arnold
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FORM B850.22.0058

[ o
%’7‘/,@

{ {
INTER-DEPARTAMERT MERAO ~PUBLIC SERVICE COMPANY OF COLORADO ‘

September 10, 1971

DATE
Mr. Frank B. Fry, Vice President Western Slope Gas Company
TO Mr. R._H. Freeman, Manager : Gas _Qperations
. DEPARTMENT OR DIVISION

FROM___ L+« W. Brown, Superintendent ‘ Gas Engineering

. DEPARTHMENT OR DIVISION
ATTN
supy._ Refill of Leyden Mine

-
In preparation for the 1971-72 heating season, it will be necessary to

schedule the Leyden refill operation to begin September 15, 1971.

It is estimated that approximétely 250;000 Mcf will need to be injected
in order to raise the storage pressure to 250 psig. The daily injectionm
volume should be approximately 50,000 Mcf.

Mr. Forest Erickson will coordinate the details of the refill operation

with Mr. Robert Meddles so that the shaft seals can be adequately maintained.

B

b ' L. W. Brown

CC: Forest Erickson
Robert Jonas
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December 9, 1970

Mr. Louis R. Arnold, Supvr., Market & Supply Gas Engineering

William E. Brackett Gas Enginecering
Leyden L & U

During production years the Colorado Mine Inspéctor reports that a total of
5,941,720 tons of coal was extracted from the Leyden Mine. The coal extracted
from Leyden had a density of 84.9 pounds per cubic foot, or a maximum void of
140 MMCF for natural gas storage (5,941,720 x 2000 #/ton/84.9#/cubic foot).

Assuming the full mined volume is available for the storage of natural gas and
that none of this gas has been entrained in the adjacent non-mined formations,
2,681.2 MMCF can be stored at 250 psig or 280.57 psia.

Volume Calculations (MCF at 14.65 psia)
140.0 (280.57/14.65) = 2,681.2 MMCF

Chart Processing Department and Leyden Storage records indicate Leyden inventory
was 2,917.9 MMCF at a deal weight reading of 250 psig on November 25, 1570.

Volume Inventory (M2CF at 14.65 psia)

Inventory Volume 2,917.6 MMCF.
Estimated Volume 2,681.2 MMCF
Difference 236.7 MMCF

In conclusion, using the above premise, it is recommended 200 MMCF be written off
as L & U at year end of 1970.

b i William E. Brackett
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VERIFYING STORAGE INVENTORIES

AMERICAN GAS ASSOCIATION
Underground .Storage Conference
Tulsa, Oklahoma

August 21, 1968

L. W. Brown
PUBLIC SERVICE COMPANY OF COLORADO
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VERIFYING STORAGE INVENTORIES

Introduction

Public Service Company of Colorado stores natural gas in a void created by
coal mining operations at the Leyden Lignite Mine, fourteen miles northwest
of Denver, Colorado. The storage area is approximately 800 feet below the
surface and consists of two overlapping working levels 8 to 10 feet in
thickness as shown in figures 1 and 2. The coal was mined using the "Room
and Pillar' method (Kelly, 1963, 8 p.). Most of the pillars in the upper
workings were pulled, allowing the roof to cave in and fill the mine area
with rubble. The lower workings: are, for the most part, still supported
by the pillars.

The records of the Colorado State Coal Mine Inspector indicate that a total
of 5,941,720 tons of coal were produced from the Leyden Lignite Mine during
its operating life. This would represent a total void of 140 000,&’ £, or a
potential storage inventory of 2,734,538 mcf at a maximum storage pressure of
250 psig. 2,‘5’ 2K @ MeoT e

Storage Inventory

s

It was expected that inventory'control and verification would be a minor
problem because gas would be confined in a definite void at pressures well
below the hydrostatic head to prevent gas migration into the walls of the
cavern. However, it was found that as the project developed the actual
pressure-volume relationships deviated substantially from those predicted.
Since our gas dispatchers depend heavily on adequate peak-shaving capacity
from Leyden to serve the Denver area, a study was initiated in 1965 to find
the true pressure-volume relationship. The annual requests by the auditors
to substantiate inventory figures also made it imperative that we initiate
this study.

Orifice Measurement Method

Integrated meter charts were used as the basic tool for estimating the total
storage and working gas volumes until 1965. The Leyden Storage Project has
a central metering point which is used to meter gas on both -injection and
withdrawal. There are no wellhead meters, and the gas is not cleaned or
dehydrated on withdrawal prior to metering. However, an extensive test has
shown that the net metering error at Leyden is only 1% high on withdrawal.

Volumetric Method

The volumetric method (Katz, 1959, p. 456-461) has been used as a check
calculation for our metered volumes for several years. The volumetric
calculations for total storage inventory have continued to deviate substan-
tially from the metered volumes during this time. The auditors would prefer
to write-off some of the excess volume; however, engineering has not agreed
to this because continued experience with the production-pressure-decline
method has indicated to us that some or all of the 'unaccounted for" gas may
be recovered. It should be noted that water pumping operations contribute
additional void each year, but the increase in void is consistently below the

increase in inventory.
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Production-Pressure-Decline Method

The production-pressure-decline method (Katz, 1959, p. 461-462) was initiated
at the beginning of the study as an additional tool to the orifice measure-
ment and volumetric measurement methods. Pressure-decline curves were made
and analyzed in detail over the full operating range of cavern pressure.
Various withdrawal-injection rates and pressure stabilization periods were
also used. During both injection and withdrawal, a gradual increase in
volume per unit of pressure change is experienced as shown in figure 3.

The above observations indicated to us that gas was migrating from the cavern
to the country rock outside the cavern void. This condition was tolerated

for several heating seasons in hope that pressure stabilization would occur.
However, sizeable increases in inventory occurred during each operating season
which could not be accounted for by the volumetric measurement method. The

gas migration had to be controlled to preclude it from finding its way to the
surface or migrating so far from the void as to be permanently lost. Each
summer we presisted in our efforts to control the inventory and analyze the
pressure-volume relationship by means of the production-pressure-decline method.
Here we noted that in those years in which low cavern pressure were reached,

the inventory increase the following séason was smaller than in those years

in which high cavern pressures were maintained. In the summer of 1967, the
cavern was deliberately drawn down to a minimum pressure of 100 psig and shut
in for the remainder of the summer. As a result, the 1967-68 heating season
marked the first time that the inventory at the beginning of the season was

less than the inventory at the end-of the previous heating season. In addition,
the inventory buildup at the end of the 1967-68 season did not exceed our

former peak inventory of 2725 M2CF as shown in figure 4.

The pressure-volume relationship derived from the production-pressure-decline
method is now used by Public Service Company of Colorado to determine the
total void available for storage, the total volume in storage, and the total
volume of working gas. The total void and corresponding storage volume are
calculated after pressure stabilization, but the working gas volume is calcu-
lated prior to pressure stabilization. This is done because experience has
shown that during operation we do not stay at any one pressure level long
enough to benefit from the gas which may be recovered from the wall rock
through pressure stabilization.

Conclusions

The production-pressure-decline method has been a very good tool for verifying
storage inventories at the Leyden Storage project. A correlation with the
orifice meter records and volumetric method has given us a method of control-
ling and even recovering a portion of the total storage inventory which has
migrated from the cavern. In addition, the pressure-volume relationships
developed by the production-pressure-decline method enable us to predict
actual working gas volumes with a high degree of accuracy.

We are now in the process of reducing our 'unaccounted for" gas to a level
which can be tolerated by the auditors.
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Pressure Range

High (250 psig)

Low (100 psig)

Figure 3

TYPICAL PRESSURE DECLINE EQUATION

Leyden Gas Storage Project
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February 1, 1667

H. A. Emery, Supervisor Plenning Section Gas Enmgineering

i, W. Brown, Market & Supply Engineer Gas Engineering

Teyden Mine Storage Volume

Introduction’

'Ihis memo outl:.nes thé voluire calculatims which are made at the request of
Arthur Young and Conpany’ doncerning the volume of gas in stomge at Ieyden
Mine an Dacember: 31; 1966 at a caverd pressufe of 209.9 psig or 233.54 peia
“bottom hole pressures . 21z 3 529,24

Caleonlations!

' Maximum Void: The reécords of the Colorado Staté and Miné Irspecdtor show that
a total of 5;941,720 tons of coal were produced from Leyden Mine during its
operating life. Density tests on samples of coal from the Leyden seam show’
an average density of 8L.G# per cubic feet.

Therefore; 5’92‘1)7209%% xf‘imj tori 140 iPef of void

Avallgble VQid' " The available vcla n s.eyden Mine is somewhat less than
150 MFcf due to 'subsidence and ater encroachment in thé cavarn. Pressure-
volume tests conduoted ‘during the sumer of 1965 indicate that the void may
be as high as 114,2 M2eP,

Added Void: A_"cer the 1966 withdrewal test’ 29,008, 020 gallons of water
vere pumped from theé mine, which would ddd 3.9 cf to the gbove avaiable
void ' es follows:
//é.-2
3.9

.. 3.9 Moer of vyoid T o1

Volwne Calculat 7ons° Assuming an evaila'ble void of 111&.2 Mecf plus an added
void of 3.9 MPct due to water pumpling gives 118.1 MPef.
o Jo0 b X 237.EST '
Therefore; 118:1 x%%% = 1;882 et @ 14,65 psia

.

Vblume Iﬁvrentéw' Public Servicé Compariy récoxﬁs show that a net of
2,262,158 Mef @ 1L.65 has been injected into the mine s of December 31,
1965 st a pressure of 209.9 psig.

Therefore, 2,262 Meer et
/

.. less 1,882 Mer _/7e(
L&Ugas 380 Mes ge)
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February 1, 1967

'

léyden Storage Volume = page 2

Rewiarks: -
It’'should be noted that the ebove L' & U increasés monthly at high -cavern .
pressures mdicating that gas 16 bélnz forded 1lntod thlef forimations ;- however,

ouy 1966 pressuresvolume tests show -that fost of this.ges ay be recovered
at’ low cavern pressurés.

- Le We Brown
Market & Supply Fngineer

Li7B:hyp
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FORM 850-22-0058

INTER-DEPARTMENT MEMO-PUBLIC SERVICE COMPANY OF COLORADO
DATE November 29, 1967

TO T. A. Jost, Property Accounbant Property Accounting
- DEPARTMENT OR DIVISION
FROM 1. W. Brown, Market and Supply Engineer Gas Engineering
DEPARTMENT OR DIVISION
ATTN.
suBJ Gas_in Storage in Tevden Mine

As a result of our 1967 testing program at Leyden Mine, we have been able
to substantially reduce the emount of L & U gas in the cavern.

It _is recommended that we do not charge off any I Leyden gas during 1 1967 to

\ the Lost and Unaccounted gas accounto
= L. W. Brown

Market and Supply Engineer
7 IWB:kdk

worD: 4/, . Snsag

1
‘ cec:  Merrill Stover
x !

G. Paul Cook .-
Sam Miller ' :
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% irm 830.22.0058

INTER-DEPARTMENT MEMO-PUBLIC SERVICE COMPANY OF COLORADO

DATE February 1, 1966

TO Frank B. Fry, Manager Gas Engineering
. DEPARTMENT OR DIVISION
FROM L. W. Brown, Specigl Projects Engineer Gas Engineering
& DEPARTMENT GR DIVISION
- ATTN.
SUB. Levden Mine Storage Volume
Introduction:

This memo outlines the volume czlculations which are made at the request
of Arthur Young and Company coneerning the volume of gas in storage at
Leyden Mine on December 31, 1965 at a cavern pressure of 250.7 psig or
278.04% psia bottom hole pressure.

Calculations:

Maximum Void: The records of the Colorado State Coal Mine Inspector
show -that a total of 5,9&1,720 tons of coal were produced from Leyden
Mine during its operating life. Density tests on samples of coal
from the Leyden seam show an average density of 8&.9#/cu. ft.

meerere, L2120 x 2i00d i

= 140 MFef of void

Available Void: The available void in Leyden Mine is somewhat less
than 1X0 Mccf due to subsidence and water encroachment in the .cavern.
Injection-withdrawal tests conducted durlng 1965 indicated the void

to be in the neighborhood of 97 to 105 MPef. ~,

Added Void: After the 1965 injection-withdrawal tests, 41,202,000
gallons of water were Dumped from the mine, which would add to the
above available wvoid.

41,202,000 cu. f%. .
raf - .
Therefore, 7fh8 éal./cu. T 5.5 M?cf of void

Volume Calculations: Assumlng an available void of 105 M?cf plus
an added void of 5.5 MPef due to pumping gives 110.5 cu. ft.
2E1.34

Z2 127
Therefore, 110.5 x 2%%;%% 2,100 M2ef @ 14.65 psia

Volume Inventory: Public Service Company records show that a net of
" 2,374 MFef has been injected into the mine as of December 31, 1965.

Therefore, 2,37k Mgpf > 2ot
less 2,100 M-cT 2 ] i=
L &U gas 27k M2cf  — 25—

)
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* T+, FLR]M B50-22-0058 '

INTER-DEPARTMENT MEMO~PUBLIC SERVICE COMPANY OF COLORADO

DATE Febmary 1, 1966
TO
DEPARTMENT OR DIVISION
FROM
DEPARTMENT OR DIVISION
ATTN.
SUBJ. Ievden Mine Storage Tolume - page 2
Remarks:

Tt should be noted that the 1965 injection-withdrawal tests were based
on readily recoverable gas volumes and that the above 27k MEef may be
permanently lost to thief formations. Additional testing at Leyden
Mine during 1966 should help to determine whether or not this gas may
be recovered.

/)
purbrson_

L. W. Brown
Special Projects Engineer

IWB:hp
Concurrence:

E.50 s

7 System Planning Engineer.
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December 29, 196%
T, A. Jost . Properity Accouiiting

G. Paul Cook Gas Engineering
Adjustment of Gas Volume in Storage at Leyden

This memo ig to advise you that wé& have been unable to errive at
any definite 1oss of gas from Ieyden and recommend that the volume in
storage not be adjusted at this time

We have uaken -all of the date f’or 1963 and 1961L and computed the
volurie that ehould be in storage by several methods, The results do not
correlate wlth each other or with th¢ medsured volume in storage. :

We will continue to pursue this problem and will advise jou when we

feel that wé have determined an accurate adjustmeént figure.

Special Projects Engineer -

GPC:hp
Approvel:

_REeK -
R. E. Kelly
Menager of Gas Inginéering

s PSC 039593
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REVIEw OF VERIFICATION OF INVENTuRY {
M'lrj . /}'z IcAesT >

Béx 77

Highlights of all reports and pertinent data for
the period 1952 through 1961 that was gathered by the Sub-
committee on Verifying Inventory under Harry Hoover during

his term as chairman, 1960-61.

——— e
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81% of the companies measure zas in and out of

storage in accordance with AGA Measurement Report #3.

A1l companies subtract from inventories "Loss and
Use" gas. These are as follows:
1. Gas loss due to line leakage.
2. Gas loss due to purging lines.
3. Gas loss due téiblowing drips.
ho Gas loss.due to blowing and swabbing drips.
5, Gas loss due to-well leakage.
- 6. Gas loss due to well repairs,
7. Gas used to make well repairs.
8., Gas used by customers éupplied from storage system,
9. Gas loss due to blowing well during well completion. |
|

10, Gas used as fuel during drilling.

Various Methods of Verifying Inventory

I. 4% the close of injection season, approximately November 1
each year, ar individual shut-in well head pressure is
taken with dead weiéht testers at each well every 2L hours
until the pressure has stabilized across the entire fiela.
From previous operating experience, the volume per pound
pressure has been éstablished. From this the volume of-

gas 1n storage is calculaved.

This is then compared with "volume of gas in storage as a
result of metering in and out after all losses have been

subtracted,

pSC 039596
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ITI,

"If calculated volume is less than the metered volume, then

it i1s assumed that a loss has occurred and steps are
immediately taken to determine cause of loss and correct

the condition.

From the beginning of the original "output” cycle the
volume of gas removed was very accurately accounted for
and from time to time shut-in pressures were recorded.
This procedure made it possible to get a ratio between

tyolume" and "pressure drop" which is used to calculate

" the change in pressure due to gas "stored" or "withdrawn"

in a designated period. Thus, a means of determining the

storage gas inventory was arrived at.

It is believed by us that in ordef to verify the inventory
another method of bﬁtaining a pressure to compare with the
calculated pressure is necessary. In order to arrive at

a pressure independent of the calculated pressure twice,
annuallx}the fields are shut-in for a three weeks period
and shut-in pressures are recorded for each well. The
average shut-in préésure is then computed and compared
with the calculated pressure., If the two pressures are
comparable within practical limits it is believed that the

inventory is correct.

In addition to the measurement of all gas into and out of
storage, we have attempted to take shut-in prescsures of the
wells in each storage project twice each year. Once at

what is considered to be the end of the input period and the

PSC 039597
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other test at the end of the output period. Iso-Baric
maps are then made from the well pressures taken and a
weighted average pressure of the pool arrived at for each

input and oufput period. This average pressure and the

"volume of gas per pound rise or fall enables us to make a

check against the volume of gas in each pool as shown on

the inventory,

The problem of verifying the gas in storage of the under-
ground gas storage ;ystem of the Company both from an
accounting and operating standpoint is as follows:
Throughout the Company's storage system 7-day pressure
recording gauges are maintained at e ach individual well
(input and output wells). Each year we have experienced

a periocd of inactivity at which time neither gas is being
injected nor withdrawn, thus giving sufficient time to
obtain a rock pressure which can be checked against previous
corresponding rock pressures and volumes. Actually rock
pressures and volumes are checked against an established
so-called base qurvé which has been constructed on data
obtained during the initial storage years; namely, a curve
plotted on total gas placed in storage with corresponding
shut in rock pressﬁres, to or approximately to, the

maximum rock pressure at which storage pools are to be
oper;ted, and bv accounting for loss of gas during an input
and output cycle, the base curve should check esach succeed-

ing year's cycle, .

PSC 039598

It is our practice to compare these metercd inventories




VI.

and actual pressures from year to year so that we might
assure ourselves that gas has not been lost due to migra-
tion in the storage sand or by escape to thief sands.' This
comparison is determined by gas per pound studies. In a
calculation such as this, the pressure is the critical
factor and the well pressures are determined by using the
weighted average pressure method. By this method pressures
are contoured on pool area maps and the various pressure
areas defermined by planimeter. Upon.calculation of
weighted averaée pressure this figqre is divided into the
inventory and the gas per pound cal.culated° It is obvious
that any excessive loss of gas would cause the gas per
pound figure to steadily increase over a periocd of time.

It has been found thai the most reliable pressures are thosé
available at the conclusicn of the injection season after a

seven day shut-in period.

The various combina%ions to be derived‘from such classifi-
cations is almost innumerable, and the many and radically
different types of reservoirs and theilr behavior as storaée
pools suggest that verifying storage inventory has no

simple solution. ©No one method appears applicable in all

cases. PSC 039599

Our own conmpany has favored the use of coning curves, vo

the extent possible, in determining reservoir loss, generally
plotting on coordinate paper the book quantity of gas in
storage as the ordinate and the observed reservolr pressure
ag the abscissa, and thus prepa;ing graphs showing the record

of successive annual storagec cycles on the various pools.




The best points of comparison appear to be at the end of

the input cycle and .end of withdrawal cycle, where in each

case it is desirable to permit reasonable stabilization of )
pressure before final pressure data are determnined, since

varying rates and séasonal distrioution of input and outnut
affect the position of the curve. Generally also like

portions of successive annual curves, where input and

withdrawal rates for considerable periods are similar, give

a fTairly practical but less desirable basils for comparison.

Migration upward of the curve occurs in most instances in
the early history of a reservoir due to the filling of the
edges of the pool and the lower perméability portions & the
sand; also the pushing back of bottom oredge water until
relative stability is accomplished within the pressure range
adopted for use year after year. The period of such curve
migration varies with the degree and distridbution of
permeability and the extent and nature of water intrusion,
and, as we all know, may continue for some years. After
staebility has been attained within the pressure range
adopted, migration of the curve ceases, unless there is
actual reservoir loss at the time, in which case 1t will
still continue until such reservoir loss ceases. The migration
of the curve may from the beginning be due to both filling
of the remote parts of the reservoir and reservolir loss,
which comblicates the pr oblem and use of the method, or, for
that matter, any other methoé that might be used to deter-

mine storage inventory.

pPSC 039600
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Our method of verification is as follows: The volunes
injected, less the volumes withdrawn, produced by oil wells,
produced by migration, replacing fluid production (dependent

on pressure in the formation) both on storage nroperty and

. migration area, the volume in the migration area secondary

gas cap (above pressure at start of migration) gives the

net volume in storage,

Surface pressures of the storage wells are converted to
bottomhole pressures by adding weight of column of gas and
correcting for deviation. Bottomhole bomb runs determine
the presence of any fluid that would alter the surface

readings.

The volumes in storage plotted against corresponding

bottonhole pressures gives us a hysterisis type loop series
P & 2

.0f curves that fall continuously within the same pattern,

The axial line of this loop pattern being the equivalent of
the volume-pressure relationship of an open container of

conparable sige.

The accuracy of théée calculations is reflected by the curve,
Migration was discovered by this method because we were
progressively having larger volumes indicated to be in
storage at equivalent pressures. Conversely, progressively
smaller volumes in storage at equivalent pressures would be
indicative of a shfinking reservoir as would be the case if

active high head edge waters were present,

PSC 039601




Two viewpoints for the solution of the problem of storage

inventory verification have developed:

1.

Pressure-volume relationship, per se, through
the development of some kind of mathematical
formula which will reduce to a common denominator,

the many variables of different storage reservoirs.

The recorded orifice meter volumes, accepted by
the industry, properly corrected for known

(necessary or unavoidable) "loss and use" gas.

Proponents of the first of these viewpoints are, for the

most part, prone to oversimplification of the problem by

reason of non-operating experience and background., It is

the opinion of some, storage operaﬁing people that the use

of pressure-volume relationship as an accurate check of

netered volumes of gas in storage is of doubtful value for

the following reasons:

1.

The use of the metered volumes in pressure-
volume calculations as proof of the unrelimbility
of the same metered volumes is not an accepted

mathematical practice.

The necessary variation in the manner storage
reservoirs are operated from season to season could
éause wide variation in observed rock pressures for
comparable stored volumes. (This is a problem of

pressure stabilization time.) PSC 039602

The fact that the many unknown physical properties




of a storage reservoir must by their very nature,
remain forever a mystefy. Some of these unknowns
are - the true areal extent of the reservoir, the
thickness of the sand and its "pay" section between
wells, the exact values of porosity and permeability,
the degree of liquid saturation of the ressrvoir,
the rate of progress, if any, of secondary deposi-
tional processes, and the question of at what
pressure differential in reservoirs in so-called
capillary control, does certain portions of unknown
size and shape become useful for the storage of gas,
The assumpiion of values for these unknowns in any
formulae devised to calculate storage inventory

allows for the introduction of great errors.

k. Where gag is metered into groups of storage wells
the volume of gas stored in each well is not known,
so it is impossible to weight the rock pressure of
individual wells into the average rock pressure
according to the volume of gas stored in each well,
The arﬁtﬁmétic average of the rock pressure of such
a group of wells is not necessarily a true reflec-
tion of the total volume (stored gas plus native .
gas reserves).

PSC 039603
Those in the industry utilizing the method described by the
second %iewpoint contend that the orifice meter is accepted
as tﬂe "cash register" of the gas business. From the

producing gas well to the domestic customer’'s curb box

(usually hundreds of miles avart) gas is sold and purchased,




in some instances many diiferent times, on the basis of
recorded orifice méter chart data, which is corrected for

temperature, gravity, deviation from Boyles Law, etc.

In the operaticn of'an underground storage program the
additional corrections made for "loss and use" gas, (which

is in most cases necessary and in all cases unavoidable)

are not made to correct the proved accuracy of the orifice
meters but as an adjustment of the accurately metered volumes
known as, the balance remaining in storage. This obviously
is a necessary adjustment; since aﬁy gas lost or used after
measurement into storage or before measurement from storage

is chargeable to the balance remaining in storage or inventory.

Rock pressure test§ are considered to be an important tool.
to be utilized in the refinement and revision of storage
estimates concerning storage capacity and deliverability,
as well as to indicate the need for, and the best location
of additional wells, by showing the path of gas migration
within the storage reservoir, In additon, such pressure
studies are of value in the discovery of one or two of the
dozen or more‘potential sources of "losses™ which must be

accounted for as "loss and use" gas,

In effect, this second viewpoint places the sole resvonsi-
bility for the determination of the amount of storage losses
squarely.dpon the engineering, geological and operating
personnel. This group of operating people are usually
-responsible for thé'original‘selection of reservoirs to be

utilized for storage purvoses, most familiar with the native

PSC 039604




VIII,

production, and storage history, and best qualified to
evaluate the many factors involved in the determination of
all storage "loss and use" volumes of gas to be reported

for proper accounting.

For inventory control purposes, simple coning curve
grapns, plotted on coordinate paper, are used. Gas in
storage (MCF) is shown as the ordinate against which is
plotted wellhegd reservoir pressure (pounds) as the
abscissa. One or more annual cycles may be shown on a
single graph, each such cycle conéisting of an input

curve and its companion withdrawal curve,

PSC 039605 -
The brief discussion of the method given below, generalized
and somewhat idealiééd, is based on our experience in its
use in connection with small reservoirs originally containing
dry gas. The method has been found to be satisfactory in
the case of high fairly even permeability pools, and in low
fairly even permeability.pools after the latter have become

stabilized within the maximum pressure range of use.

Obviously, if the method were applied to gas stored in a
tank, eﬁpty at the'étart, and then filled with gas to some
pressure, say 100 pounds, and the gas subsegquently with-
drawn, the quantities accurately measured in and out,
pressures. observed at say 10 pound intervals, and measured
quantities of gas then in the tank calculated at each such
observed pressure point, the plotted results would show a

straight line; (Fig. 1) since the reservoir would be a

single open space with practicaily immediate adjustment of




pressure throughout as gas was injected and withdrawn.

When a reservolr rock is substituted for the tank, however,
the effective reservoir becomes z conmplex maze of smail

~ connected spaces of irregular shape and size, and pressure-
volume adjustments throughout the reservoir take place more
slowly. The input and withdrawal curves plotted in the

above mentioned manner, both depart from the straight line
and show a coning curve, with the degree of departure from
the normal curve or straight line depernding .on the permeabi-.
lity of the reservoir. The lower fhe permeability, the

greater the departure from the normal curve.

In the case of a pool where high even permeability exists,
and gas is injected and withdrawn-at a reasonably even rate,
sueh a curve appears as shown in Figure 2., As drawn, such
curve indicates no gas loss from the reservoir, since the
output curve returﬁs properly in each cycle to the average
curve (straight line) which extends through the zero Q and

P point on the graph, and each succeeding input curve follows
the pattern previously established, except the forepart of

the first,

However, in the case of a high even permeability pool, where
the output curve fails to return to the normal curve, loss

of gas is both apparent and.actual; (Figure 3) and the
approximgte magnitude of the loss is indicated on the Q scale
at point (a). Should such loss continue, the curves repre-
senting successive 5nnua1 cycles will migrate upward in the

pattern of Figure li; showing on scale Q the approximate

PSC 039606




annual loss for each successive cycle; and such migration
will continue indefinitely until the cause of loss is

removed,

In the case of a low fairly even permeability pool, coning
curves plotted in a similar m;nner will fail to close in the
first and possibly éeveral succeeding cycles, thus indicating
apparent loss which may not be actual, A typical case is
shown in Figure S.__In this case there was apparent loss
during the first four annual cycles, the gquantity of such
loss decreasing in each succeeding.cycle, until in the fifth
the coning curve cibsed, showing no apparent loss, In this
instance it is reasonable to assume that there has been no
actual loss of gas from the commencement of the operation,
but instead the building up of a cushion required in the low
permeability reservoir to stabilize behavior within the

ressure rance showne
o

In such case, where there is no actual gas loss, a graph
prepared on coordinate paper, on which time 1s plotted against
the quantity of gas in storage per pound reservoir pressure
for some pressure common to the several annual cycles

(1) near the beginning of each input cycle and (2) near the

beginning of each withdrawal cycle will appear as in Figure 6.

Should these curves fail toflatten in the manner shown, gas

loss not only apparent, but actual, is indicated.

Cther cases, depending on the degree of permeability, may
fall between the two shown; or may fall beyond the seccond.
In general, it may be said thaﬁ, other conditions being ecual,

per N20607




"the lower the permeability, the longer will be the time
required to fill the more remote portions of the reservoir
and effect stability of behavior of the pressure volume

relationship.

Where leakage has been suspected or known to exist in a
reservoir, we have'in a few instances shut in all wells in

the pool at the end of a withdrawal season, disconnecting

the wells from the pipeline to avoid any possible leakage at
the well, and have taken pressures on each well at intervals

of a few days. The total time required each day to take the
pressures of all wells in a pool with the same dead weight
gauge has been less than two hours, so that each set of

results might practically be considered as taken simultaneously;
Fach group of pressures; corrected for'wmiationé in atmospheric
pressure, has been shown on a separate base map of the pool

and the pressures éontoured. In addition to these maps,

obhers have been prepared showing changes in pressure irom

one observation daté to the next, or for some longer time

interval. Such maps have been effective in pinpointing

leakage within the reservoir area,

iWe have not developed any specilal forms for reporting gzas
hlown from wells or otherwise lost in the field, but have
depended on informal records of such loss as has been known

to occur, based on estimates of quantity.
-4

e have had no difficulty in satisfying auditors or F.P.C.
in connection with verification of storage inventory,

supported by the engineceriny data periodically prepared,
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generally in the manner above discussed.

For proper inventory control, we believe that in addition to

cdrrection for specific gravity, corrections for temperature

and supercOmpreséibility should of necessity be applied to

the quantities of gas measured into and out of ‘storage..

Failure to make such corrections, particularly that for

temperature, may in time result in the accunulation of

considerable apparent loss which actually is zas measurement .

discrepancy.

It is certainly true that pressures?obsefyed at the wells
reflect the volumetpf gas in a storage fe;érvoir, and it is
standard practice‘in our operations for both "internal™ and
"external® Auditors to_spot check rock pressure tests in the
field at the time of maximum volume in storaze in the Fall,
and again in the Spring, when volumes and pressures are at

the annual low point. These pressuré tests are made at the
well-head of each‘well with a bourdon tube type spring test
gauge which haS‘beeh calibrated with a dead-weight tester
prior to each t;st,period. All wells tested are active storage
wells since no observation wells for pressure purposes are
kept shut-in, In our early storage history (1937 to 1940)

it was the policy ts'take préssures by this method for periods
of shuf—in of 24, LB and 72 hours, but experisnce showed that
changes from the 24 hour test were negligible in the L8 and

72 hours tests. In obher words - apparent stabilization of
well-head pressures of the individual wells was, for all

practical purposes;.attained b7 only a 24 hour shut-in. It
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"also brought forcebly to our attention that storage
operations had becomc such an important phase in balancing
supply and demand over large areas, that the economic
factor alone, more or less, required prolonged shut-down

time of storage wells be held to a minimum,

N

In our storage operations these semi-annual pressure tests

are considered as one of the "tools" to be utilized in the
refinement of storage estimates of capacity and deliverability
as well as the locgtion of additional wellg, etc., since

these pressures are an indication of paths of stored gas
migration within the storage reservoir. At this point

in this summary, it.should be made clear that in the request
for another survey of procedures used in verification, the
list of the type of information reguested, item four
"Observation of prégsure for determining possible migration

or leaks.in the field" - the use of the word "migration" as
synonjmous with "leaks from the field" shows an appalling
lack of understanding of the mechanics of underground storage.
The only reason underground storage is possible is because

of the phenomena 6f'radia1 migration of gas from thc well-
bore at the sand face out into the reservoir during input

and radial migration from the reservoir to the well-bore

when the pressure differential is reversed, during output.

Such misuse of the term "migration" can only further confuse

accounting personnel,

4

The reservoirs utilized for storage by this company are

irregular shaped, lenticular sand bodies which have contained
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"thelr native gas for unknown eons of geologic time - 2L sub-
projects in reservoir rocks of Silurian Age, and 1 sub-pro-
ject in reservoir rock of Devonian Age, In each of these
reservoirs the lateral migration of the originél native gas
(2s well as presenfiy stored gas) is confined by the "pinch-
out" of the porous and permeable sandstone lens and is known
to be isolated by the drilling of wells containing no sand,
or in which the pressure history varied sufficiently fron
that of the storage reservoir to insure complete separation.
Sufficient perimetéf acreage is secured and charged to
storage operations, and adjacent producing wells are controlled

by our company in order to protect against any errors in

judgment of pre-storage definition of areas.,

Because the 1ate:a;,migration of stored gas is confined

hy the lens-like nature of the reservoir in these "outliers"
or "islands" of "Clinton" sandstone and it must be conceded
that it is possible; in a very few instances, to mis-judge
the actual extent of that sand body from available dataj;

we allow for that possibility when storage experience so
dictates, and enlarge the area to include any such well,
adjusting capacity and deliverability estimates accordinély.
Trom the above information it is plain to see that there is

l1ittle or no possibility for reservoir leakage laterally.

The only other possible source of reservoir leakage then is
vertically. Here again, in®our operations, it has been
observed that no such leakage has occurred. One proof lies in

the fact that appr oximately one half of the storage wells

‘now in use were drilled for storage purpose. In the drilling
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Cof approximately 500 wells from the surface to and through

the storapgpe reservoirs, (some after 15 years of storage

®

xperience) never, in even one instance, was storage gas,
(determined by analysis) or storage pressure eﬁcountered in

any shallower or deeper forra tion. This is sufficient proof

o us that our storage reservoirs are "gas tight" for

storage use up to and including a pressure equal to the

maximum reservolir pressure present when the first original

or native gas producing well was drilled. In none of our
operations have maximum original pressures been excesded.

The only other source of reservoir leakage is the wells drilled
for native gas production and plugged and abandoned before
storage started. Subsurfaée leakage from this source, has

not been known to occur since the-500 wells drilled for

storage have never encountered storage gas in any shallower
formations. Surface losses to the atmosphere, if any had
occurred, should be readily discovered by changes in vegetation
in the vicinity of 5uch a wlll site. This company has not

nade its policy to include the re-drilling and re-condition-
ing, or re-plugging of all abandoned wells in storage areas,

but in a few instances, where part of the tubing or small

8

“

ize casing was abandoned in an old well, they have been
drilled out, such material removed, the hole redrilled
where necessary, the sand face cleaned up and the well re-
equipped for storage use. In each such instance during

;
cleaning ourcmerations it h8s been found that no gas is

present, and that it is only after extensive work with fresh

water cleaning-up of the sand face that such wells respond

and show signs of communicating with the storage reservoir.,
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‘This is believed due to the slow but continuous process of
deposition of heavy hydrocarbon materials, salt crystals,
mud, black brackish water, etc. near the face of the sand
during the native production history from the fadial flow
of gas into the well-bore at ever decreasing pressure
differential through the years of the life of such wells,
plus the likelihood of cavings between the packer setting
and the £ ace of the producinz formation, along with the
probable s=epage of water around the packer from prolific

salt water bearing formations above.

From the foregoing discussion it is apparent that in the
underground storage operations of this company there is no
knoﬁn underground lo;s of stored gas ;ither to thief for-
mations or to the atmosphere from'plugged and abandoned

wells,
PSC 039613

Many more reasonable and more easily understood facts are
available to show those without operating experience that
stored gas is recoverable, For instance, in one of our
storage projects nearly one billion cubic feet of gas was
stored, and during the ensuing output period all stored gas
withdrawn, the wells transferred from storage to regular,
and 390 million cubic feet of native gas withdrawn and sold,
The following summer these wells were again transferred to
storage use. Of course, the starting pressure when

storage began was ﬁigh enoﬁéh in this instance to recover

all stored gas in one output cycle, it would take pro-

portionately longer periods of time to obtain the same result

in reservoirs in which the cushion gas volumes were greater,
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Another fact: in one storage sub-projsct with capacity
for 6 billion cubic feet of stored gas at t op operating
storaze pressure, there has been stored a total of 30
billion cubic feet and withdrawal of 24 billion cubic feet
over a period of 15 years, and the maximum volume of gas in
storage last fall was 6 billion cubic feet kreasonably near

top pressure) ready to deliver gas at a rate of 85 million

o)

ubic feet per day.

In the over-all picture since the inception of storage

o rations in the year 1936, through 195h, more than 300

billion cubic feet of gas was placed in storage, and during

the same period more than 200 billion cubic feet has been
delivered to.markets.; The re@aining 100 billion now in storage-
is capable of delivering (through.existing pipeline facilities),
approxinately one billion cubic feet of gas on the peak

demand day of the current output cycle this winter. (1954-55)

The so-called "problem" of storage inventory verification
really boils down to a problem of mutual understanding of

the vagaries of storaze reservoir phenomena.
o .

i
The following applies to an aquifer type reservoir.
This company is very new at gas storage in water filled
sands. Our present thinking is to tie volume, as represented
by the elevation of the gas-water contact, to density of the
gas és represented by a well head pressufé to be corrected
to the elevation of the mid point of the gas bubble, Hight

water -level observation wells are planned to intersect the

stored gas bubble at a distance averaging 3/L miles apart.

pSC 039614
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We feel that a gas contract area of some 2,500 to 3,000
acres will not maintain a {flat surface, definitely during
injection or withdrawal and probably not after reasonable
neriods of shut-in. The water-level observation wells are
planned to be cased through to total depth of known closure
of the structure and perforated so as to9 always stand
full of water. Water levels observed in these wells during
injection and withdrawals are expected to yield useful
information as to how the sand reservoir is responding to
such use, A water level in the reservoir would be obtained
by neuwtron logginzg. A few years of this tyne of history
when correlated with net in'and out volumes should eventually
indentify a definite volume of gas in place for each foot of

reservoir svace.

We are just now starting a drilling program to vprovide

ten 1lnput-production wells for storage field,

At the completion of these wells we expect to have our in-
jection plant completed so that cushion gas can be started
into the reservoir by Hay first, The observaiion well

program would bg provided after injection of gés has be=sn

assured.

The above represents our present thinking on a2 method %o
verify storage inventory. Thinking may change somewhat

before actual accomplishment.

PSC 039615
The following applies to reservoirs in gencral.
The objective of this sub-committee is tq investigate the

methods used and if possinle to formulate a standard pro-

cedure for verification of underground storage inventory.




During the current year information was received from
31 companies operating 179 storage fields in the United

States. A summary of this data is attached.

~ The sub-committee met September 19, 1955, in conjunction
with the Kansas City meeting of the Committee on Underground

Storage., At that time it was decided that there was not

-
ck

sufficient information available on the subject to formulate

a svandard procedure.

During the ensuing months a questionnaire reéuesting specific
information on verification methods was prepared and dis-
tributed by the sub-committee. TForty-cix operating.
companies weré contacted. Of this number thirtyfone

returned comvleted questionnaires; four stated that they
were not currently engaged in underground storage operations,

and eleven failed to reply.

A detailed aralysis of the completed questionnzires is
presented as a part of this repat. For each guestion a
comnputation has been made of the number and percent of the
thirty-one operators who replied in the affirmative, negative,
or failed to regly. We feel that in most cases a failure

to reply is equivalent to a negative answer although in

some instances our questions were either poorl; worded

or did not lend themselves to a simple answer. PSC 039616

Listed below are a few of the significant points revealed

by the gquestionnaire for interpretation.

1. Hore than 702 of the storage reservoirs currently in use

are sand lenses which oripginally produced dry gase.




2, Practically all operators make corrections for specific
gravity, temperature, and supercompressibility to
volumes of gas metered into and out of storage.

3., Metered volumes are verified by reservoir calculations
by 81% of the operators.

. Present methods of inventory control are‘consideyed
satisfactory by 613 of the operators,

5. Of the operators reporting 65% feel that a "standard
procedure” for inventory verification would be beneficial

to the indusiry as a wheole,

Replies to the questionnaire were received from twenty-three
people representing twenty-six companies. These companies

control 1hli storage fields containing 5775 wells.

PSC 039617
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" » Working g2s and cushion gao?

{
cription of Stornge Gas Inventory
{n your company, does the phrase "storage inventory" include

1 .Ovly "working gas" (i.e. volumes stored and withdrewn each year)? 3

14 (Two repliers each have one field that

falls in I-A-3)

'3° vorking gas, cushion ges ead vative gas?, 6

L * Some other .combination? Hone

R If so; please describe

I Sources of and Methods Used in dbtaining Predsurg Data

A

G

Jo you obtein pressures at individual wells? 23 Yes If so, where obtained.

1 ' Wellhead 23 Yes If 66: ' .All wells 20 Some 3

2 BSingle well'line }_Igg If so: "All véils - So%e 1

3 Bsttom hole L Yes . If s0; AL Vellg 3 some i

VA ¢4 answver i; affirmﬁtive for eitbe% 1 or 2, are the ﬁressures corrected

to bottom hole conditions? 12 Yes’

~

Do you obtailn pressures from field lines (pressuré source from more then

one well. es descrided on Page 1)? 8 Yes

1. If so, are pressures taken at one place only? 6 . At a number

of locations? 2

2 Are these pressures corrected to reservoir conditions? 1 Yes, 7 No

3 Is the practice of taking shut-in pressures on field lines tc cover

groups of wells or an entire field more or less a standard method rather

than taking individual well pressures? 9 Mo

4  Are both metheds used? 8 Yes

Are shut-in pressures taken at repilarly scheduled intervals? 18 Yes, 4 No,

1 Ko answer

I vrat 4s the normal freqhéncy and at whet times in the yeer? 13 scxi ennual

~

i eanuel, 4 verious
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i. D Do you have standard lengths ol tim= that ghut-in pressures are teken?
t - . ) . .
. .16 Yes, 6 o, 1 npo enswer
H ' i
&

1 /nst is the ength of time or range in times that ma2y be uszd?

Various - refer to dptail shes

Aty e

5 Do 3,oru have parmenent pressure obsem ilon walls {fron w‘lic‘\ the Sh\lu-

<. - i E : . ‘
E_ reservoir pressure is continu.ouslv o‘osérved? 17 Yeo, 'L No, 2 no enswsr
$ ) Iﬁ Usos and Applicauions of the Pr==ssure Dpr,a Ob ained

A vnat is your primary use of this detar 4

S As a ver.Lfiﬁ tion method g b! Yes, 4'No, 8 no answer

’2 ‘ As an apprwimate inventory cho k' .lh— Yes, 9 no enswer

LS
W

'-Tn resn"voir qu’ineering stua,ges . 18 Ye.s, 5 no answer
- e Do you make any correlaticn oi‘. pr'éssures with gas‘ inventories? —
'(.i ; " 18 Yes, 5 no enswer : . e ’
3 | ‘ b Othe.rz 11 Yes, 1 No, 11 no answer ) '
S ' R (l) Describe  Verious - refer to detail sheet
s g B W'lmt pressur s are used? - ~ _-
2 1 Are 'el_l pressures alone UScd? 16 Ye.s, L _No, 3 no“a‘r.;swe%
. ) . 8 A:re well pressuros averaged by any method? 18 Y25, 3 No, 2 v:o s.ns'n;e:
;«”-”" h-_,_m___- (l) ) Describe methqd used 9~f-.rithmet1c;‘ 6 Vet gi1te<;;' |
. . - S '“h bﬁsééllaneous', .34 No Answer, Refer to detail sheet
—-‘ o ) . . .' 2 Are field line pressures uaed 1'1 place of '».'el. pre,su_es? 1 1 Yes .
. . 20 No, 2 No Ansver ' .
= ) . ‘e  IT 80, are ihase pressures averag,—ed in eny m.eth;:--i? 3:]‘10,- 20 To- A;zsx%: 3
- (l) Describé methol used .-Refe'r to detall sheet | . .
- . . . 3 If permanent n*essL'uw obsavat*on wells ere used, a*e. the pressuces

Ve o obts.*n d Lsed in the calculetion of avereag d Fressures Mn* oned

” S abover 12 Yes, 7 No, U4 Nic Answer
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Is there a noticeable varietion in thes pressure-volume relationship of any

one of your storage reservoirs from year to year? 18 Yes, 3 Mo, 2 Miscelleneou: |

1

i . {

w

& Are these observation well pressures used as a substitute for an

"average" pressure as described above? 6 Yes, 11 No, 6 No Ansver

(1) Is more than onme well in & field used? 8 Yes, 3 No, 12 No Aaswer

" (2) If more than one, are they averaged? 5 Yes, 2 No, 16 No Answver

Is any combination of the above pressures used? 6 Yes, 7 No, 10 No Aaswer

|
|
|
|
|
<

& Describe ﬁethod used Refer to detail sheet

|
|
|

If.so, do you attribute this to a charge in reservolr size related to

water movement? 13 Yes, 3 No, 7 No Answer Fluid removal? UL Yes,

6 No, 13 No Answer

Time rate of injection or withdrawal 10 Yes, 1 No, 12 No Answer

© Gés loss? 6;YesL 7 No, 10 No Answer Other cause? Refer to detail sheet .

Is storage. inventory corrected for such variation? 7T Yes, 12 No,

i No Answer

a If so, briefly describe how Refer to detail sheet

Other uses of Pressure Data

“
3

-

Jf pressure data is collected primar;ly for uses other than pressure-
volume studies, briefly describe source and uses of this data

Refer to detail sheet

Uses of Temperature Data
A Are bottom-hole temperature corrections applied to your inventory calcu-

lations? 8 Yes, 15 No

1 How ere these temperatures measuréd? Refer to detail sheet

2 How are they applied to your calculations? Refer to detail sheet

e

Observation of Qther Reservoir Fluids

" A Are fluids other than gas observed from wells within or surrounding the

area of the gas reservoir? 15 Yes, T Ho, 1 No Answ=zr

PSC 039623
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I  Would you conslder the use of these wells for such a purpose a

verification procedure? 2 Yes, 10 No, 1l No Answer’

"An approximate check of inventory? 3 Yes, 8 No, 12 No Answer

2  What flulds are observed? Refer to detedl sheet
3 ﬁow are they observed? Refer to detail sheet
%  Why are they observed? Refer to detail sheet

Y1 Deséfiption of Reservoir

A Clessification of Reservoir Type
L Predominate Feature of Clééure_

" Petrologic of stratigraphic 87 Structural 37 Combination 20

.

Predominate Fluids Native to the Reservoir

S

041 2 0il end Gas 12 (Cas 124 Water (Aquifers) 6 '

Maximum operating field pressure . 60 - 3800 psig

"% Minimum operating field pressure 20 - 1980 psig

2 Maximum inventory volume at maximum pressure Maximum - 140,000 MMCF.

Minirum - 50 MMCF. Total Cepacity 1,650,000 MMCF.

6 INumber of storage wells Maximum - 345. Minimum - 1. Total Wells - 5712

VYII  Source of Pressure Data

A Continuously Recorded Pressures

X Pressures taken afe:

Wellhead 64 . Bottom Hole None Pipe Lipg‘ LY

" Note: 1If more then ome of the above are taken, pleasé indicate
(W.H., B.H., or P.L.) which one is applicable waen
answering the guestions below. o .
2 Type of pressure instrument

s 4

Bourdon Tybe 75 Other (Specify) None .
3  Recording locatiog .

At pressure source 84 Remote (Telemeter) Mone
—_ 20

PSC 039624
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SUM¥ ' OF REPLIES TO 1956 QUESTIONNA 3

SUB-?OMMITTEE ON_INVENTORY VERIFICATION

UNDERGROUND STORAGE COMMITTEE

AMERICAN GAS ASSCCIATION

CHARACTERISTICS OF ‘THE STORAGE RESERVOIR (Please indicate number in each category.)

Nurber and percent of the 179 fields in each category. ..
A. Type of trap - Dome_ 36 - 20.1%  Lens_129 - 72.05  Other 1k - 7.9%
B. Litholégy - éand 159 - 83.8% Lime 17 - 9.5% Other_ 3 - 1%
C. EHistory - Producgé gas 167 - 93.3% 0il -~ Both 6 - 3.35% Water Sand 6 - 3.35%

D. Approximate initial reservoir pressﬁres _iOO - 3299#

METHODS OF INVENTORY CONTROL

Number and percent of the 31 storage operators who replied in the affirmative,
negative, or failed to reply. (N..R. =- No reply.)

.

A. METERED INVENTORY

1. ?oint of gas measurement

'a. At individual wells __ Yes 9 - 20%; No 3 - 10%; N.R. 19 - 61%

b. By groups of wells Yes 6 - 19%; No'k - 13%; N.R. 21 - 68%

¢. At central point for entire storage unit Yes 20-65%; No 2-7%;N.R. 9-29%

d. By a combination of a, b or c_ Yes 9-29%; No 2-7%; N.R. 20-65%

n

Arg the basic orifice factors from ACA Measﬁrement Repcrt No. 3 used for

orifice meter measurements? Yes 25 - 81%; No 6 - 19%

If not what factors are used? 6 or 19% use either AGA Measurement Report

f2 or a Meteric Metals Company bulletin.

. 3¢ Are the following corrections applied to metered volumes to compensate
for the varying physical characteristics of natural gas?

a&. Specific Gravity Yes 30 - 97%; No 1l - 3%

(Corrections are applied toevolumes metered into and out of storage
by all operators except two who correct only volumes to storage.)

~5. ' r -

& . ' PSC 039625
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WETERED INVENTCRY (CONTINUED)

b. Temperature Yes 30 - 97%; N.R. 1 - 3%

c. Supercompressibility Yes 28 - 90%4; No 2 - 7%; N.R. 1 - 3%

d. Please list any oiher corrections of this type 2 or 7% of the 31

storage coperators made additional corrections.

I, Are metered volumes corrected for unmetered gas used by company and pipe

" line leakage?

a. Farm Use Yes 16 - 52%; Wo 7 - 23%; N.R. 8 - 264

b. Heater Use Yes 15 - 48%; Mo 9 - 29%; N.R. 7 - 23%

e Serv101na of wells and pipe llnes ves 26-84%; No 4-13%; N.R. 1-3%

d. JLeakage from gatherlng lines and well ca51ng Yes 9- 29%, Ho 16-52%
. 6 - 19% .

(1) Is leakege determination based on: '
g : .

(&) % of metered volumes: Input: Yes 2-7%;. No 3-10%; :N.R. 26-8L%

- Withdrawal: Yes 0; No 3-10%; N.R. 28 -90%

Both:  Yes 1 - 3%; Wo 2 - 7%; N.R. 28 - 9od

(b) Line pressure and total plpe surface area Yes 5 16 No 2-7%
L

N. R. 24t - 77%

(c) Other Yes 7 - 23%; No.l - 3%; N.R. 23 - Th%

e. Other corrections of this type Yes 6 - 19%; N.R. 25 - 18%

CAICUIATED INVENTORY

L. Are volumes in storage verified by reservoir calculations? Yes.25-81%;No 6-19%

2. BHow are the following determined?

a. Reservoir Pressure
(l) Is reservoir pressure observed under shut in conditions?

_Yes 25 - 81%; No 6 - 19%

If so, is field shut in at::End of injection_Yes 28-9C%; No 2-7%

N.R. 1 - 3%

End of withdrawal Yes 6 - 19%; N.R. 25 - 81%

° : pPSC 039626
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(5)

(6)

(7)

< s SULATED INVENTORY (CONTINUED)

Both Yes 25 - 81%; N.R. 6 - 19%

Other time -Yes 8 - 26%; N.R. 23 - 744

If shut in pressures are used, what i5 the time allowed for

shut in? - - -

Are pressures taken at the end of the shut in period used?

Yes 28 - 9é% N.R. 3 - 10%

Is reservoir pressure durihg shut in period taken, continuously?

Continuously Yes 7 - 23%; N.R. 24 - 17%
Hourly  Yes 1 - 3%; 'N.R. 30 - 97%
Daily  Yes 15 - i8%; N.R. 16 - 524
Weekly Yes 4 - 13%; N.R. 27 - 87%
Or other Yés 6 - 19%; N.R. 25 '- 31%

Are pressures weighted or averaged arithmetically? Weighted 8 -

-

26%; Ave. 19 - 61%; N.R. I - 13%

If weighted average pressures are used, how are they obtained?

Mep 4 - 13%; Otker 5 - 16%4; N.R. 22 - 7;§

Is reservoir pressure observed on skut in observation wells

during storage operations? Yes 23 - 74%; No 3 . 10%; N.R. 5 - 16%

(a) If so, how many wells are used? - - - -

(b) If more than cne observation well is usad, is average
pressur: psed?
' Yes 12 - 39%; No 2 - 7%; N.R. 17 - 55%

Weighted average pressure Yas 4-13%; No 1-3%; N.R. 26-8.4%

Key observation well pressurz Yes 6-19%; No 2-7%; N.R. 23-74%

(c) Is observation well pressure plotted against reservoir volums?

Yes 14 - 45%; No 7 - 23%; 'N.R. 10 - 32%

PSC 039627
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a.

CAICULATED INVENTORY (L..4TINUED)

If so, is it plotted through several yearly cycles?

Yés 10-32%;.5i.R. 21 - £8%. Single cycle Yes 1-3%; #.R. 20-97%

"Other_Yes 1 - 3%; N.R. 30-97%
b. Reservoif Temperatures

(1) Are reservoir temperatures used for volume calculations?

Yes 9 - 29%; HN.R. 19 - &1%
(2) How arz reservoir temperaturszs istermined?

BEB 6 - 19%; Other b - 139%; N.R. 21 - 68%

(3) Are weighted averages or afithmetically'averaged temperatures

used? Weighted 0, Ave. 6 - 19%; N.R. 25 - 81%
(%) If weignhted average temperatures are used, how are they

averaged? None used .

- Are calculated volumes in storage éorrecﬁed'for supercompressibility?

Yes 13 - 42%; No 13 - he%;'m.n. 5 - 16%

If so, are supercompressibility factors based upcn reservoir temperatures?

N Yes 10 - 32%; No 2 - 7%; N.R. 19°- 61%
Do you find the pressure volume relationshi? of your storage reservoir

to be reasonably constant? Yes 27 - 87%; No 1 - 3%; N.R. 3 - 10%

&. During field shut in period? Yes 21 - €3%; N.R. 10 -32%

B. During operations? Yes 15 - 48%; No 2 - 7%; N.R. 14 - L59

In the reservoirs with which you work, would an abrupt change in this
relationship under either 4a or Ub sbove indicate a loss of gas?

Yes 18 - 58%; Ho 6 - 19%; ‘.N..R. 7 - 23%

Do you consider reservoir pressure cata, whem usad in conjunction with
past reservoir performance, tc be a reliable check on current metered volumes?

Yes 25 - 81%; No 4 - 13%; N.R. 2 - 7%
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CALCUTATED INVENTCRY (CONTINUED)

3

7. Do you coansider changing reservoir pore volume due to water ingress or

egress? Yes 11 - 35%; Ho 17 - 55%; ¥.R. 3 - 10%

rQ YOU FEEL THAT PRESENT MSTHODS OF 1INVENICRY CONTROL ARE SATISFACTORY?

Yes 19 - 61%; Qualified Tes 5 - 16%; No § - 164%; N.R. 2 - 7%

S loa\oo

?fT‘“V‘LIST ANY VERIFICATION FRORLEMS VHICHE YCU FEEL, TEAT TAIS SUB-CCMMITTEE SHOULD

[(}]

THYESTIGATE Problems wers suggested by 8§ - 264 ¥

-

1% YOUR OPINION, WOULD A "STANDARD FROCEDURE" FOR IIVENTORY VERIFICATION BE

aTEFICIAL TO TEE INDUSTRY AS A WHOLE? © Yes 20 - 65%; Nc 6-19%; N.R. 5-16%

©ID YOU RECEIVE A COPY OF THE MATERTAL GATHERED BY THIS SUB-COMMITTEE IN.lQSS?

Yes 15-48%; No 13-42%; N.R. 3-10% IF NOT, WOULD YOU LIXKE A COPY?  Yes 13-k2%

*

This material was sent to those requesting it.

Problems suggested for investigation by this sub-committee.

1. Investigate by tests in laboratory and field, volume of gas leakage to
ratmosphere through welded steél pipe and various types of fittings and’
valves (Bring up-to-date Bureau of Mines.Bulletin #265 written in 1928).
2. (a) Low and erratic permeability reservoirs. .
. (b) Reservoirs containing fluctuating water, altering their effective size.
3. Change in capacity due to water remcved, errors in measurement due to
lack of correction for temperature, gravity, etc. in early years.
k. (a) Better method of calculating line lcsses in storage field lines elso,
'(b) A vworkable method of adjusting pressura-volume ra2lationships for changes
. due to migration.
%. Same
6. Problem of obtaining weighted average rrezssures.
T In cases of apparent gas loss - method of calcuwlating actual gas loss
and change of reservoir volume. )
a' fime extension required for =qualized pressures wha2n shkui-in period is
Imnited.
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< Inventory of Stored Gas—Shut-in Period for
Pressure Observation

. There are periods during the spring and fall of the
year when market requirements will balance “very
closely the pipeline supply of gas. During these
periods the storage fields can be shut in one or more
at a-time. With each well shut in, deadweight-gauge
pressures can be taken on all of the individual wells
daily or every other day for a period of from 7 to 15
days. This will allow sufficient time for a substantial
pressure equalization between wells and for removal
of most of the pressure-draivdown gradient set up
during production from the wells. Taking pressures
daily on 21l of the wells should make possible the
charting of underground gas migration within the
- reservoir during the shut-in period..
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+ Inventory of Stored Gas—Shut-in Period for
Pressure Observation

There are periods during the spring and fall of the
year when market requirements will balance “very
closely the pipeline supply of gas. During these
periods the storage fields ean be shut in one or more

at a-time. With each well shut in, deadweight-gauge
pressures can be taken on all of the individual wells

daily or every other day for a period of from 7 to 15

(ia_y_sl This will allow sufficient time for a substantial
pressure_equalization_between wells and for removal
of most_of the pressure-drawdown- gradient set up
during production from the wells. Taking pressures
daily on all of the wells should make possible the
charting of underground gas migration within the
- reservoir during the shut-in period..
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Fig. 18-16. Field A, pressure vs. volume

from discovery to date.
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Cycling around Discovery Pressure

Referring again to Fig. 18-16, it becomes desirable
over a period of several years of storage operations
to prevent this curve from shifting either to the left
or to the right. A curve shifting to the left means
smaller reservoir volume and water movement into
the edge or bottom of the reservoir. As soon as this
water reaches any of the wells it causes a reduced field
deliverability. A curve shifting to the right means
larger reservoir volume and movement of gas into the
underlying water reservoir. This will require larger
volumes of cushion gas to maintain the minimum or
base storage pressure. Cycling around discovery
pressure, so that the average field pressure for the

9
Active storoge gos, billions of cubic feet

year or cycle is at or close to the field-discovery pres-
sure, should keep the curve of Fig. 18-16 retracing
itself from cycle to cycle.

In some instances it may be desirable to maintain
field pressures above field-discovery pressure pur-
posely, in order to enlarge the size of the reservoir
and, thereby, its storage capacity. Good structural
control must be achieved all around the field, and the
spill point must be known to be well below the original
water level, before this procedure should be attempted.

Field Deliverability

Storage-field deliverability is generally taken as a
summation of individual-well deliverability for all
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Underground Storage of Natural Gas 10/23

rgument for storage alone, sands containing oil or indige- mentioned previously was sufficient only to ascertain the

; gas capable of being produced in paying quantities may advisability of acquiring the field for storage purposes. All
ccepted from the contract. structure maps should then be rechecked and brought up to
secific items included with the storage rights may deal date. If at all possible, formation thickness or isopach maps
\ migratory gas from other reservoirs and evacuation and should be constructed, and the general thickness of the reser-
osal of water, both residual and migratory, from the voir should be determined. The positions of the “pay’’ sec-

rvoir strata. Permission may also be granted for the tions in the reservoir rock should be located. The relative

blishment and expiration of all necessary equipment, merits of permeability, local capacities, and well performance

sing, and accesses to and from the reservoir and surface can often be worked out from these studies. Several methods

lities. are available for estimating well capacities and gas reserves.

Lore detailed points are then considered. In such details,

grantee agrees to pay for drilling wells, to be penalized Reconditioning 3
failure to perform the contract in & aipulstad His, st Steps should be taken to establish that the reservior is free E

E: e?i;iogi;l?gs t::)n :lcl,f;:r:z}:la)prg:::t'yTl}:: ﬁ;t!;t:z ; 1:2 from p.h)tsical defectsf thru which gas mjghf. be lost. Ij'cr active
armine the size of the reservoir at any time. The grantor wells, it is often advisable to pull 'th.e tubing or casing, clean
ses to meet all taxes, liens, and mortgages against the the well thorough}y ? Sjnd shoot, acx.dxz v h_ydraul.xcally f ol :
perty, to keep the title clear, and to notify the grantee of ture? hhe- formatxon. in arder fo inoreass its deliverability.
r change in ownership. The activities of the grantee may New tubing and casing should {;hen_be mstal.led' and packed
restricted regarding location of wells and depth of pipe, or cemented so th_at the wells will withstand design pr ess}u'e.
| he shall be responsible for damages to growing crops or Abandoned " ells inadequately plugged for storage operations
nages resulting from actionable negligence. In return, should be either cleaned out for use as storage wells, or re-

o it 4m | e le i 0

grantor may not do anything which will harm the reservoir plugg.ed' to prevent leakage. - .
the grantee’s equipment. Arrangements are also made for It is important to know thfs exact po§1t.1(>'n of the eﬁecuv_e
2t ownership of the lands and extension of coverage of the parts of t.h.e .formaf.lons constxtu.tmg t‘h? reservoir
——-——y 7 | section. Therefore, it is advisable to obtain electric logs—in 5
Laws pertaining to the principle of eminent domain for old fields preferfa.bly a gamma ray log—and also a tempera-,
tural gas storage have been adopted (up to 1955) in Ken- ture survey. ' ) o3
*ky, Michigan, Illinois, Kansas, Oklahoma, West Virginia b B - |
1 Pennsylvania. In the other states, acquiring contracts is PRESSURE AND VOLUME OBSERVATION B
en a matter of patient and lengthy negotiation. In a closed reservoir there is usually a fairly consistent rela- -
tionship between a unit of gas pumped in and the correspond- 2%
ACTIVATING A STORAGE FIELD ing rise in the reservoir pressure throughout the range of ;‘22
Preliminary steps include a detailed geological and engi- storage operation. However, this relationship does not always s
ering survey of the reservoir, since the preliminary study remain constant, because it is affected by such variables as x
820 - - T 1860
OCT. 311948 SEPT 30,949)
1840 ] SEPT. 301951 ocT1neY s
1820 820
1800 1800
_— PRESSURE—VOLUME RELATIONSHIP s dercbe -
LA GOLETA STORAGE FIELD / ‘
01760 1946-1952 / 1760
o 1740 4 / 740 & »
g‘nzo 7 720 :.
2 2
Enoo 7 1700 E
E 1680 880 {
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§ 1640 A/ 840 ;
‘; - MARCH 311947 - 7 . ;
3 Wy 47 4 oo 3
§ 1580 // // 580 §
: N ss0 3
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ig. 10-17 Pressure-volume relationships for the La Goleta gas storage field, 1946-1954.¢
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10/24 Storage of Gas

permeability, porosity, presence of connate water, and
formation thickness. Also, since each well in a field is usually
equipped with a pressure gage instead of an individual meter,
pressure measurements are averaged and used to obtain
total volume.

Figure 10-17 shows the pressure-volume relationship for
the La Goleta (Calif.) gas storage field. Both yearly variations
and variations between injection and withdrawal are clearly
seen. “Capillary control” may be the factor which causes the
variation that results in a curved line in such plotting.¢ This
theory states that these curves are portions of true parabolas.

VOLUME IN STORAGE AND DELIVERABILITY

With a given volume of gas in storage, the deliverability
from & field varies with the size and number of wells in it
and with the pressure against which the wells must feed. When
the field has been completely activated with all the wells,
lines, stations, and other equipment installed, it is possible
to determine how much daily delivery can be expected from
the field when it contains various volumes. Several schemes
are used to show the relationship between volume and
deliverability, but one of the simpler methods is to plot
deliverability against the volume in storage (Fig. 10-18).

60,

(4]
(o)

ES
O

~n
)

DAILY DELIVERA
MILLION cuBIC FBElLérTrY'
ol
o

=)

> ;r(
HE

! 2 3 4 5 6 7 8 9 10
VOLUME OF GAS IN STORAGE, BILLION CUBIC FEET

Fig. 10-18 Example of daily deliverability estimate for a gas
storage field.

Figure 10-18 assumes fairly uniform operating conditions
in a rather low permeability reservoir. For example, if the
wells were feeding against a consistently high line pressure
and if it then became necessary to lower this line pressure,
the position of the curve on the graph would change to reflect
this new operating conditicn. It is also assumed in the graph
that the field will have a fairly continuous usage. If it should

be decided later to use the field only under peak conditions,

then because of the “heading up” of wells and for other rea-
sons, the field would produce at a higher rate—with a given
volume of gas in the reservoir—than is reflected by the
graph. It is therefore essential to know the specific operating
expectations before reasonable accuracy can be obtained in
determining deliverability with a given volume in storage.

FLOW OF STORAGE GAS THRU THE STORAGE
AREA

Flow of storage gas from injection wells to other outlying
producing or dormant wells in the storage areas can be
determined by various methods.®

These methods include:

a. Recording changes in gas pressure on the wells before
and during injection.

b. Adding helium? or other tracers to the injection gas and
testing for these tracers at outlying wells.

c. Analyzing the gas at outlying wells for beating value and
specific gravity® at regular intervals during injection, pro-
vided the injection gas is different from the native gas in
these characteristics.

During nine years’ experience with this last method, a
company that determined whether migration was occurring
to over 400 wells pointed out that an increase in reservoir
pressure may not indicate migration, and that migration may
occur with no increase in reservoir pressure. Usually, with an
injection pressure of 1400 psi, gas will not flow more than one
mile underground, but instances of gas flowing as far as
8360 ft have been found.

STORAGE OF NATURAL GAS IN AQUIFERS, SALT
CAVITIES, AND MINED CAVERNS

A typical water aquifer used to store natural gas by dis-
placement of water is shown in Fig. 10-19; Herscher Dome
south of Chicago in the Galesville sand is about 100 ft thick,
about 1750 ft below ground surface, 18.5 per cent porous,
covers about 6000 acres, and is capable of holding 150 billion
cu ft of gas. Eighteen billion cubic feet were stored between

- — ,
¥ e T B oL T
TEXAS ILLINOIS USTRIAL & HEATING MARKET

SYSTEM

WATER EXTRACTION
‘m'
N\ .

DES VENT GAS REINJECTED INTO
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- - W
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DU CHIEN
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Fig. 10-19 A water aquifer storage area in the Galesville sand
near Chicago, and the vent gas gathering system.
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B. and C. Storage Operation Plan

CIG's storage operation plan for the forthcoming heating
season is to withdraw the maximum amount of working gas inventory from
each of the four storage fields on its system under all weather conditions,
including Cases I, II, and III described in II A. above.

CIG has adopted this storage operation plan in order to prevent
gas migration and to protect the integrity of each reservoir. Using the
pound-day concept of reservoir maintenance and safety, CIG's Proration
and Storage Department has determined that the total working inventory
should be withdrawn from each field during each heating season. Under
the pound-day concept, the number of pound-days of overpressure must be
balanced by an equal number of pound-days of underpressure during each

injection-withdrawal cycle.

Since maximum withdrawal will occur under all weather conditions,
no curves matching withdrawals from storage with various temperatures

have been provided.

In order to protect the firm end-use requirements on CIG's
system, however, under the most extreme recorded weather conditions, the
daily operation of the storage fields is controlled throughout the '
heating season by the use of guideline curves. These guideline curves
are established prior to the beginning of each heating season and are
predicated on two weather conditions: (1) the actual weather experienced
during the 1961-1962 heating season, the coldest heating season on
record during the past thirty years, and (2) normal weather conditions
through January, followed by the coldest February and coldest March on
record. In general, the guideline curves established under these two
weather conditions protect CIG's firm requirements customers from early
winter withdrawals that could jeopardize CIG's ability ot meet firm
requirements at the end of the heating season. More specifically, the
curves established under the second weather condition protect CIG's firm
requirements customers from curtailment should the winter be colder than

normal late in the heating season.

As shown on Page 4 through 6 of Exhibit (KMO-1), the
only curtailments that CIG projects under any of the three weather cases
are curtailments of interruptible direct industrial customers. The
Operations Department of CIG determines the daily curtailment volumes of
these interruptible direct industrial sales by referring to the guideline
curves. If the actual storage inventory falls below the guidelines for
the coldest year, curtailments and injections are controlled in order to
raise the storage inventory above the guidelines. If the storage inventory
is above the guidelines, curtailments may be reduced in order to withdraw
the entire working inventory from storage during the heating season.

These guidelines and other data regarding storage are determined
annually and set forth for each heating season in a manual titled "Storage
Operating Guidelines and Curtailment Procedure." A copy of the manual for
the heating season of 1978-79 was included last year in CIG's Report filed
in Docket No. TC79-98. Although the guidelines and data provided in the
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